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Abstract

The influence of multiple nigh-pressure,
supersonic, radial or tangential jets, that are
injected from the circumference of the base plane
of an axisymmetric body, on its longitudinal aero-
dynamic coefficients in transonic flow is studied
experimentally. The interaction of the jets with
the body flow field increases the pressures on the
forebody, thus altering its lift and static stabil-
ity characteristics. It is shown that, within the
range of parameters studied (0.7 £ M, s 1.05;

20 £ Poj/Pw <705 0° £ a £ 18°), this dinteraction
has a stabilizing effect on the body. The contri-
bution to lift and stability is significant at
small angles of attack and decreases nonlinearly
at higher angles when the crossflow mechanism
becomes dominant. The experimental results,
obtained with several injection pressure ratios,
are correlated using a newly defined jet penetra-
tion height into transonic flow. An equivalent
flare (or skirt) is proposed for an approximate
engineering prediction of the normal force and of
the position of the center of pressure.

Nomenclature

A = throat cross-section area of injection nozzles
(Eq. (12))

Cp = drag coefficient, D/qS

(]
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nozzle discharge coefficient, ﬁj/ojV-Aj
Cy = normal force coefficient, N/qS
Cp = pressure coefficient, (p - p,)/q
d = nozzle diamecter
D = body diameter, also drag
h = jet penetration height
M = Mach number
m = mass flux
N = normal force
n = number of jets
p = pressure
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q = free-stream dynamic pressure
R = gas constant

S = model cross-section area

T = temperature

V = velocity

X = streamwise distance measured upstream from
the jets

a = angle of attack
vy = specific-heat ratio
¢ = circumferential angle

p = density

Subscripts

CP = center of pressure

j = jet parameters

o = stagnation conditions

t = nozzle throat parameters

= = free-stream conditions

Introduction

Attention was first focused on the interaction
of jets with external flow fields in the early
fifties, with the advent of jet-propelled vehicles
and the beginning of the space program. In jet and
rocket propulsion, the jet is approximately aligned
with the external flow field and the interaction
between them is relatively simple. More compli-
cated is the problem of a jet that is not aligned
with the outer flow, such as retrojets or trans-
versal jets. This latter type of interaction can
be found in short takeoff and landing (STOL) air-
craft, in thrust vector control, and in direct
vehicle-attitude control. It is characterized by
an effective jet thrust that is larger than the
conventional thrust, obtained by blowing into a
stagnant medium, as a result of its interaction
with the surrounding flow field. Early studies of
this transonic-flow interaction phenomenon concen-
trated on the interaction of a single, usually
sonic, and two-dimensional jet with an extermal
supersonic flow. Most studies were experimental
because of the complexity of the problem. A few
simple analytical, semi-empirical and numerical
methods were also introduced at a later stage.
These methods required, however, many simplifying
assumptions and were, therefore, limited to a
small group of problems.



A representative study of a two-dimensional
interaction of a supersonic planar flow with a
transversal sonic jet was published by Spaid and
Zukoski.® The typical features of the interaction
flow field are shown in Fig. 1 (taken from Ref. 1).
The jet acts as an obstacle to the main flow, gen-
arating a shock wave and forcing the flow to sep-
arate and lifc off the surrface in order to negotiace
the obstacle. The separation shock generates a
snarp pressure rise, [ollowed by a pressure plateau.
A bow shock that forms near the jet causes an addi-
tional pressure rise after the plateau. The jet is
bent art by the high-pressure region and a low-
pressure separation region forms behind it. Farther
downstream, the combined jet and outer flows
reattach through a recompression shock. The flow
field described in Fig. 1 resembles a supersonic
flow over a forward-facing step and several inves-
cigacorsz—“ used an equivalent solid body to simu-
late che jet's disturbance to the main flow.

The three-dimensional interaction of a circular
jet with a supersonic planar flow is, generally
speaking, similar to the two-dimensional interaction
described above. However, the extent and intensity
of the three-dimensional interaction is reduced
because the flow can go around the obstacle in addi-
tion to going over it. The interactions of a
single circular jet and of multiple circular jets
with a planar flow were studied by Spaid, Zukoski,
and Rosen,® and their results are summarized in|
Ref. 6. Typical pressure distributions in the
vicinity of a single jet and of a pair of jets are
shown in Fig. 2 (taken from Ref. 5).

Spaid and Cassel's contention was that the
following parameters governed the interaction of
jets with a uniform flow and have to be carefully
simulated in any experimentez

1) The geometry of the model and injectiom
ports

2) The main-flow Mach and Reynolds numbers

3) The ratio of specific heats of the injectant
4) Injection pressure ratio (poj/pm)

5) Total-temperature and molecular-weight ratio

However, Chrans and Collins’ showed that hot jets

could be simulated by cold-flow experiments. They
found no influence of the jet's total temperature

or molecular weight on the interaction.

A correlation parameter — the jet penetration
height — by which experimental results from differ-
ent supersonic tests could be correlated, was formu-
lated by Spaid.® It is defined as the effective
height of the externmal flow's disturbance caused by
the jet, and is analogous to the height of an equiv-
alent solid obstacle. Spaid's formulation of the
penetration height of a circular under-expanded
sonic jet into a planar supersonic flow® required
the following assumptions:

1) The penetration height is large compared
with the boundary-layer thickness of the undisturbed
flow.

2) The jet expands isentropically to the
ambient pressure while being bent in the direction
of the free flow.

3) The jet and che external flow do notC mix.

4) The contact surface between the two flows
is shaped like a quarter sphere attached to half
of a cylindrical afterbody.

5) The pressure discribution over the spheri-
cal contact surface is calculable by Newtonian
theory.

6) The jet penetratiom height, h, is equal to
the radius of the quarter-sphere contact surtace
and its value can be determined by a momentum
balance in the flow direction. The control volume
for this momentum balance is delimited by the
quarter sphere described above; the flat surface
from which the jet is injected; and a plane perpen-
dicular to the free flow, that passes through the
rear of the quarter sphere.

Based on these assumptions, Spaid's momentum
balance results in the penetration height given by
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The term C; was used by Spaid to calculate
the drag on the quarter sphere by the Newtonian
theory. An examination of Eq. (1) results in the
approximate relationship

B/(deCy /) = M) (Pyy/pe)

or, after rearranging:
h o= [(d3Cpgy)/ (MipL) 11/2 (3

which means that the penetration height is propor-
tional to the square root of the ratio of the jet
thrust to the free-stream dynamic pressure. Other
attempted correlations, like those of Refs. 9

and 10, that were based on the jet-momentum flux
(or thrust), also concluded that the interaction
was governed by the ratio of the jet momentum to
the specific momentum of the free flow.

While most of the research effort concentrated
on supersonic interactions that were common in
thrust-vectoring and direct-attitude control of
missiles, very little work was done on transonic
interactions. The scant available information
(e.g., Fig. 3, taken from Ref. 11) shows that the
transonic interaction is, generally speaking,
similar in character to the previously described
supersonic one. The main differences are that the
pressure gradients are weaker, the pressure plateau
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is very snort and vanishes at low injection pres-
sure ratios, and the shock waves are weak normal

shocks.

With the development of STOL fighter aircraft
and 3uided and maneuvering munitions, the interest
in cransonic interactions increased. The present
investigaction was therefore concerned with the
interaction of several circular supersonic jets
wich an external transonic flow that has hardly
been studied before. A further difference from
previous studies is that they dealt with injection
from a flat plate into a planar flow, whereas in
this study a number of circular, radial jets are
injected symmetrically from che perimeter of the
base of an axisymmetrical body into a three-
dimensional outer flow. Thus, in the present case
the jets do not generate any direct net forces or
moments on the body. The forces and moments that
were actually measured when the body was positioned
in che flow at an angle of attack, were a result of
small pressure differences between the interaction
regions on the windward and leeward sides of the
body.

The main purpose of this investigation was to
gain a better insight into the jet interaction phe-
nomena in transonic flow, and to evaluate the
effects of the various flow and jet parameters on
these phenomena. Results presented here show that
the interaction generates additional lift and
increases the longitudinal static stability at low
angles of attack.

Most of the experiments were conducted with
radial jets, but several tests were made with jets
that were injected tangentially to the base circum-
ference. Such jets could be used to generate high
spin rates. No fundamental difference was observed
between the results of the radial injection and the
tangential injection, except for the rolling
moments produced by the latter.

Experimental Setup, Tests, and Data Reduction

Aggaratus

The experiments were conducted on an ogive-
cylinder configuration in the 50- by 80-cm venti-
lated test section of the induction-driven, tran-
sonic, blowdown wind tunnel of the Aeronautical
Research Center, Technion-Israel Institute of
Technology (IIT).

A general view of the wind-tunnel model is
given in Fig., 4. The 8-caliber, 45-mm diam model
had a 3-caliber ogive nose section and a 5-caliber
cylindrical body. The base section of the model
included the injection nozzle units (Fig. 5). Two
interchangeable nozzle units were employed, one
having radial nozzles and the other having tangen-
tial nozzles. All the nozzles were convergent-
divergent supersonic nozzles. Seven out of the
eight nozzles could be plugged for single-nozzle
preliminary experiments. High-pressure air (pres-
sures from 12 atm to 44 atm) was supplied to the
nozzles through a rigid sting support. The overall
air mass flow was measured by a calibrated flow
meter, and the result was validated by a calcula-
tion of the nozzle mass flux obtained from suitable
pressure and temperature measurements and the
nozzle-throat cross-section area. A schematic

Ltayout of the air-supply and flow-measurement
systems is shown in Figz. 6.

Seventy-seven pressure taps were drilled into
the model, upstream of the nozzlas. The arrange-
ment of the pressure taps relative to the nozzles'
plane is shown in Fig. 7. Most of the pressure
taps were located on one side only of the model's
pictch plane. Four pressure taps were located on
the other side to validate the symmetry of the flow
wicth respect to the angle-of-attack plane. The
pressure taps were connected by l-mm (o.d.)
stainless-steel tubes to pressure transducers. In
the single-jet experiments, seven pressures on the
generatrix leading to the nozzle were monitored
continuously by seven separate pressure transducers,
whereas in the eight-jet experiments the 77 pres-—
sures were scanned by two scanivalves. All the
data were acquired and reduced by an NEFF 620/
Elliot CR-17 data-acquisition and computer system.
Schlieren photographs of the interaction were also
taken.

Tests

Single-Jet Tests. A series of preliminary
wind-tunnel tests was conducted to validate the
experimental apparatus and the data-reduction soft-
ware. In these tests a single jet was injected
from the nozzle on the upper generatrix (¢ = 0°
in Fig. 7). Seven pressure taps along this gen-
eratrix were continuously monitored by individual
pressure transducers. Seven single-jet tests were
conducted at constant angles of attack of a = 0°,
9°, and -9°, with the Mach number varying continu-
ously from 0.4 to 1.1. The nominal injection pres-
sure was Poj = 40 atm. The injection pressure
ratio (Poj/Pu) varied between 44 and 89, owing to
the change in free-stream static pressure with
increasing Mach number.

Multiple-Jet Tests. Thirty-seven data points
were obtained with eight radial jets, and 13 data
points were obtained with eight tangential jets.
These data points were obtained for various combi-
nations of the nominal values of the test
parameters:

) mie=5P, 02,°5%, 108, 152
18°

Angle of attack

= 20, 40,
60 cto 70

Injection pressure ratios poj/px

Mach numbers M, = 0.8, 0.9, 1.0

Data Reduction

Aerodynamic Coefficients. In addition to the
test parameters (including the jet mass flux),
only pressure data on the model were recorded.
Pressures were reduced to the conventional local
pressure coefficients

Co = (P = Pa)/[1/2(YaPeMz) ] (4)

The pressure disctributions in the circumferential
and axial directions were smoothed with third- and
fourth-order polynomials. The smoothed pressure
distributions were integrated to give the normal
force coefficient (Cy) and the location of the
center of pressure (Xgp/D) that was measured
upstream of the injection plane.
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The integration was performed over the
two-diameter-long metric section only. The differ-
ances between the results obtained with third- and
fourth-order smoothing were not significant.

Jet Penetration Height for Transonic Flow.
Spaid's jet penetration height (h) was useful for
correlating the pressure distributions obtained in
different tests.? For a similar correlation in the
present work the jet penetration height must be
redefined for transonic flow. For a single jet,
Spaid's assumptions and formulation can be used,
except for the drag coefficient on the quarter-
spherical face of the control surface. Instead of
the drag being calculated by the Newtonian theory
with the assumption of a strong normal bow shock
upstream of the spherical surface, it is approxi-
mated in the transonic case by the empirical
relation*?

Cp.~ C = 0.5 (for

07 2 My, 22 (7
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where Cp is the free-stream stagnation pressure
Qo

coefficient. With this drag coefficient, the
momentum balance results in
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For experiments in cold flows (wind-tunnel and jet
flows) with Vj =v_ = 1.4, one derives from Eq. (8)

(8)
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This formulation was derived for a single jet
injected from a flat plate into a planar transonic
flow. For the case of a jet injected from an axi-
symmetric body of diameter D, Eq. (9) would still
be valid if h/D << 1. It is assumed that for
higher values of h/D, Eq. (9) would still describe
correctly the trends of the penetration height with
varying jet and free—-flow parameters. However, the
derivation of the penetration height must be modi-
fied when multiple jets are injected radially from
an axisymmetric body.

Using Spaid's assumptions, it is also assumed
that the disturbance of a number (n) of discrete

circular jets can be approximaced by a comntinuous,
axisymmectric radial jecr injected around the body
perimeter, with a thrust that equals the combined
thrust of the discrete jets. The momentum balance
in this case is calculated for an annular control
volume (Fig. 8) that is bounded by the spnerical
contact surface between 1) the rree flow and the
jet, 2) the surface of the body, and 3) a radial
plane that intersects the contact surface at the
point where the jet flow becomes parallel to the
free stream. Rerferring to Fig. 8, cthe momentum
balance is given by:

a;.vj = 1/2(v,p MiCp) (7/4) [(D + 20)% - D*]  (10)
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where dj is the combined mass flux of (n) jets
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and the jet exit velocity is
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Substituting Eqs. (11) through (13) in Eq. (10) and
using the empirical approximation for Cp (Eq. (7)),
the solution for the penetration height from

Eq. (10) is:

2 2
Ciétn Poj (i
5 n. 120y = 1)
MZ(Cp, - o.s) =
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The number of jets (n) must be high to justify the
assumption of a continuous circumferential
disturbance.

h® + Dh =

1/2

(14)

Results and Discussion

Single-Jet Tests

Typical schlieren photographs of the inter-
action of a single jet with the transonic flow are
shown in Figs. 9 and 10. Figure 9 shows the
effects of the jet on the boundary layer at angles
of attack of 0° and 9°. The thickening of the
boundary layer due to the jet is not large. At
a = 9° the boundary layer is separated some
1.5 body diameters upstream of the base, even
without the jet disturbance. Figure 9 justifies
the assumption that the jet penetration height is
larger than the undisturbed boundary-layer thick-
ness. As the free-stream Mach number is increased
the jet is turned downstream closer to the body
(Fig. 10), in spite of the increasing injection
pressure ratio. The penetration height, calculated
from Eq. (9), is also shown in Fig. 10. It does
not correspond to any physical feature of the flow
field and should be considered as a similarity
parameter only. However, a qualitative agreement




Setween the calculated penetration height and che
jet radius of curvature is observed (Fig. 10).

The pressure distributions upstream of the jet
(Fig. 11) are typical of tramsonic flow. The pres-
sure increases gradually as the jet is approached.
Vo pressuras placeau is observed. Both the pressure
levels and che upstream extent of the interaction
are increasing with increasing free-stream Mach
aumber and injection pressure ratio. These two
parameters could not be varied independently in the
blowdown tunnel because of the continuous variation
of che Mach number in the single-jet tests. Note
that the pressures are higher at both the positive
and negative angles of attack (o = *9°) than at
¥ = 0°. This is an indication of the nhighly non-
linear character of the interaction (discussed
lacer). The slightly higher pressures at the nega-
tive angle of attack (u = -3°) than at the positive
(x = 9°) predict the increased static stability
that is later observed in the multiple-jet tests.

The single-~jet data were compared, as a valida-
tion of the apparatus and data-reduction system,
with the data of Ref. 6. These data were normalized
by an empirical penetration height
he/dy = 0.695(1303'/1)5‘,)1'/2 that was suggested by
Ref. 13 as the distance from the nozzle to the Mach
disk in a supersonic injection into a fluid at rest.
The agreement (see Fig. 12) is rather good in spite
of the jet in Ref. 6 being injected from the ogive-
cylinder junction and not at the base, as on the
present model.

Multiple-Jet Tests

Typical pressure distributions with eight
active jets at M_ = 0.9 and pgj/p, = 65 to 67
are presented in Figs. 13 and 14 for o = 0° and
x = 10.1°, respectively. At x = 0° (Fig. 13) the
flow is nearly axisymmetric. The only deviations
from an axisymmetric flow are measured very close
to the injection nozzles. High pressures are
observed in line with the nozzle and lower pressures
are observed between the nozzles. The pressure
gradually increases as the nozzles are approached,
except at the pressure taps between the nozzles in
the last 0.2 body diameters. At a = 10.1° che
effect of the crossflow can be seen, in addition to
that of a stronger interaction between the jets and
the outer flow (Fig. 14). One can observe (as in
Fig. 11) that the pressures on the windward side
are slightly higher than those on the leeward side.
The results shown in Figs. 13 and 14 are character-
istic and are shown as an example. Additional
pressure distributions, obtained for different test
conditions, are presented in Ref. 1l4.

The variation of the normal force coefficient
with the angle of attack is shown in Fig. 15 for
various Mach numbers and injection pressure ratios.
Also shown in Fig. 15 are the conventional normal
force results without injection. These compare very
well with the predictions of the crossflow theory,!S
except for the experimentally observed increase with
increasing Mach number. The normal force induced
by the interaction of the jets with the outer flow
is larger than that induced by the crossflow alone
(Fig. 15), especially at the lower angles of attack
(0° < a < 5°). These jet-induced normal-force
increments diminish at the higher angles of attack.
The apparent scatter in the data in Fig. 15 could
be due to the simultaneous variation of the Mach
number and injection pressure ratio. The data are

therefore replotted in Fig. 16 as a function of che
injection pressure ratio for various Mach numbers
and angles of attack. When one takes into account
the angle-of-attack effects (of Fig. 15), only a
weak influence of the injection pressure racio on
the normal force is found (for 20 < p,i/p, € 70).
Most of the apparent scatter in Fig. 15 musc,
therefore, be a Mach number effect, with the normal
force increasing when the Mach number is increased
(for 0.8 s ¥ _ =5 1.02).

The downstream displacement of the center-of-
pressure location (of the metric section of the
model only), caused by the jet-induced interactionm,
is shown in Fig. 17 as a function of the angle of
attack for various Mach numbers and injection
pressure ratios. This displacement is largest
around =« = 5° and decreases rapidly as the angle
of attack is increased. The effect of the inter-
action, like its influence on the normal force
(Fig. 15), seems to vanish for « > 20° where the
crossflow apparently dominates the flow field, and
the jet-induced interaction becomes insignificant.
When the center-of-pressure data are replotted as
a function of the injection pressure ratio
(Fig. 18), it is found that the downstream dis-
placement of the center of pressure increases when
the injection pressure ratio is increased. The
Mach number effect on this phenomenon seems to be
small.

Although the dependence of the normal force
(the integral of the pressure distributionm,
Eq. (5)) on the injection pressure ratio is quite
weak (Fig. 16), its effects on the pressure dis-
tribution itself are significant (Figs. 19a and
19c). This interesting result indicates that the
pressure distribution only shifts while it main-
tains a constant average. This shifting is
reflected in the aft movement of the center of
pressure with increasing injection pressure ratio
(Fig. 18). The effects of the injection pressure
ratio on the pressure distribution can be corre-
lated with the penetration height as given by
Eq. (14) (Figs. 19b and 19d). However, there still
remains the effect of the angle of attack because,
strictly speaking, the derivation of the penetra-
tion height is valid only for a = 0°. Even so,
the correlation in Fig. 19b that includes data at
1 = 0° and 5°, and in Fig. 19d act =z = 10°, is
quite zood.

The pressure distribuctions obtained with a
single jet and with eight jets are compared in
Fig. 20 at approximately identical test conditionms.
The pressure field induced by the eight jets is
much stronger and has a much more extensive influ-
ence (more than double) than the single-jet pres-—
sure field. An attempt was made to scale the
streamwise distance (X/D) with the jet penetration
heights for these two cases. This brought the two
curves closer together (not shown) but did not
correlate them, since the ratio of the eight-jet
to the single-jet penetration heights was only
=1.3. The different character of the eight-jet
interaction can also be seen when comparing its
schlieren photographs (Fig. 21) with the single-jet
photographs (Fig. 10). The penetration height
(Eq. (14)) is marked on these photographs (Fig. 21)
and, again as in Fig. 10, shows the same trend as
the radius of curvature of the jet.

A better understanding of the behavior of the
normal force (Fig. 15) can be obtained from a




crossplot Of the streamwise pressure distribucions
at various angles or attack. Figure 22 shows the
variation of the pressures with che angle of attack
at fixed axial stations along the upper generatrix
ahead of the jet for constant nominal test condi-
cions. Also shown for comparison is the pressure
variacion with the angle of attack without blowing,
which does aot change with X/D on this section of
the model. ' The interaction field can be roughly
divided inco two regions of different character.
The first is rthe far-upstream region (X/D % 0.3).
There, the pressure variation generally resembles
the crossflow-induced variation without injeccion.
The pressure levels are, of course, nigher than
without injection, and increasing in the downstream
direction because of the free-flow retardation by
the jets' obstacle. In the near region (X/D < 0.5)
the jet disturbance is che dominant factor and the
pressure variation differs significantly from the
crossflow type. The pressure variation wich the
angle of attack is highly nonlinear and has a sharp
minimum in the vicinity of « = 5°. This minimum is
the reason for the very rapid increase in the con-
tribution of the interaction pressure field to the
normal force when the angle of attack is increased
from 0° to 5° (Fig. 15), and for its diminishing at
higher angles of attack. It also explains why the
pressures in Fig. 11 for both o = 9° and o = -9°
were higher than those at a = 0°.

Another interesting result (Fig. 23) is the
normal force distribution along the body (at
M, = 0.9 and 2x = 10°) for several injection pres-—
sure ratios (including poj/p, = 0). The increas-
ing pressure ratio increases the pressure loading
on a body section near the jets of about l-diam
length but reduces the load farther upstream, with
even some locally negative 1lift at the highest
injection pressure. The overall result of this
change in the distribution is that the total normal
force (the integral under the curves in Fig. 23)
changes very little with varying pressure ratio
(for 20 = poj/Pso £ 70, as in Fig. 16) compared
with the pressure distribution itself (Figs. 19a
and 19c), so that the center of pressure moves aft,
closer to the jets (also in Fig. 18). When similar
normal-force distribution curves, all with the same
injection pressure ratio, are plotted for several
angles of attack (Fig. 24), the influence of the
angle of attack is not monotonous, as was that of
the injection pressure. The interaction contrib-
utes significantly to the normal force at low
angles of attack (x < 10°), with the maximum con-
tribution in the vicinity of x = 53°. At higher
angles of attack this contribution diminishes very
rapidly and the normal force is increasingly gov-—
erned by the crossflow mechanism. At 2 = 18° (the
maximum angle of attack considered in these tests),
the jet interaction contributed only 15% of the
total normal force acting on the cylindrical seg-
ment upstream of the jets, whereas at a = 5° the
interaction contributed about 857 of the total
normal force. Similar results can also be seen in
Fig. 15.

Tangential Injection

The tests with the tangential jets were con-
sidered necessary because it seemed that for iden-
tical test conditions the disturbance to the outer
flow (or the equivalent solid obstacle) presented
by tangential jets should be smaller than that of
radial jets. This expectation turned out to be
incorrect. Typical pressure distributions at

% ¥ 0° and 3° are compared with the corresponding
pressure distributions obtained with radial jects
(Figs. 25a and 25b, respectively) and are found to
be very much alike, except for small differences
in the region near the jets. It is not surprising,
therefore, that the normal force and center of
pressure dependence oun Mach number, injeccion pres-
sure ratio, and angle of attack is also similar co
that of the radial-jec case (Figs. 25c¢c and 25d).
The differences between the results of the two
modes of injection are wichin the scattar of the
experimental daca.

Equivalent Flare

An incteraction between a transonic flow and
transverse supersonic jets has never been solved
numerically and the effort required for such a
computation would probably not be cost etffective.
However, the following crude approximation can be
used for engineering design purposes. Both the
schlieren picture (Fig. 21) and the pressure dis-
tributions (Fig. 13) of the eight-jet-induced flow
field resemble those abtained on flared-cylinder
models. Although the obstacle that is presented
to the flow by the jets is not conical, an effec-
tive conical flare can be found that will produce
the same approximate normal force and center of
pressure. Since the jet-induced disturbance is
distorted at higher angles of attack, such an
approximation is valid at low angles of attack
only. A conical flare of 5.7° semivertex angle
would produce the results presented in Figs. 26
and 27 for 0 £ 2 £ 5°. A linear variation
between the flare-induced values and those of the
crossflow theory is proposed for use in the angle-
of-attack range between a = 5° and 20°.

Conclusions

The interaction of a transonic free flow with
eight circular jets, injected into the flow around
the perimeter of the base of an axisymmetric body,
was studied experimentally. Radial and tangential
injection modes were investigated. A jet penetra-
tion height for transonic flow was derived. This
parameter correlates the pressure distributions,
obtained with different injection pressure ratios
at the same Mach number and angle of attack, on a
single curve.

The pressure field induced on the section of
the body upstream of the jets contributes a net
positive normal force and moves the longitudinal
center of pressure aft when the blowing is turned
on at Poj/Pm = 20. The normal force is relatively
insensitive to changes in the injection pressure
ratio (within the range 20 < pgyi/p, S 70). How-
ever, the pressure distribution AOES change, so
that the center of pressure moves farther aft
toward the jets with increasing pressure ratio.

The dependence of the pressure field and the
normal force on the angle of attack is highly non-
linear. This is apparently a result of flow sep-
aration from the leeward side of the body at angles
of attack larger than 5°. The largest contribution
of the interaction to the normal force occurs in
the vicinity of o = 5° and diminishes rapidly
when the angle of attack is increased. The cross-—
flow mechanism dominates the flow field for higher
angles of attack, apparently resulting from the




axistenca of separated Zlow above the upper suriace
of che body.

No significant differences between the results
of radial injection and tangential injection were
found.

Simple approximations of the normal-force and
center-or-pressure variacions with angle of attack,
based on an equivalent cylinder f£lare model, can be
used for angineering design purposes.
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